Introduction {#Sec1}
============

Nutritional stress and pregnancy outcomes {#Sec2}
-----------------------------------------

Suboptimal nutrition and maternal mental health during pregnancy have been linked to increased infant morbidity and mortality \[[@CR1], [@CR2]\]. Although the placenta selectively supplies necessary nutrients throughout pregnancy, fetal growth is most vulnerable to maternal dietary deficiencies (e.g., protein and micronutrients) during placental development early in pregnancy \[[@CR3]\]. Not only nutritional status, but also maternal mental health (stress, anxiety and depression) has been identified as a significant prenatal factor predicting postnatal development \[[@CR4], [@CR5]\]. The time from conception to 2 years is when individuals are most sensitive to factors leading to chronic disease in adult life \[[@CR6]--[@CR8]\]. Where there is a lack of balanced nutrition, and maternal mental ill-health, it may severely affect fetal neuro-behavioural development \[[@CR1]\].

One condition likely to cause nutritional deficiency is Hyperemesis gravidarum (HG). HG is defined by weight loss through excessive vomiting during pregnancy and plays a significant role in health outcomes \[[@CR9], [@CR10]\]. These effects are long term, in that in utero exposure to HG is significantly associated with poor postnatal mental health outcomes for the child \[[@CR10]\]. Fejzo et al. \[[@CR10]\] found a 3.6-fold increased risk of emotional and behavioural disorders of infants born to mothers who suffered from HG. Importantly, there was no effect on adult siblings who were not affected by HG compared with those exposed to HG prenatally. Given that only offspring from mothers who had a poor diet during the pregnancy caused by HG rather than their siblings brought up in the same environment showed negative emotional and behavioural effects, it seems likely that the negative effects are caused by HG and that HG has long-term consequences lasting into adulthood.

Current study {#Sec3}
-------------

Although children of mothers with HG have been shown to be affected after birth \[[@CR3], [@CR6], [@CR7], [@CR11], [@CR12]\], we know of no research on the health of the fetus. Given that 0.5--3% of pregnant women suffer from diagnosed HG \[[@CR13], [@CR14]\], the aim of this pilot study was to test whether HG is reflected in fetal health expressed in fetal movement profiles in later pregnancy, and whether the nutritional stress on the mother can be assessed using isotopic analysis of hair. There is a need for non-invasive measures to test effects of HG during pregnancy with the potential to establish not only growth parameters, but also cognitive and affective parameters \[[@CR5], [@CR15]\]. With the advent of 4D ultrasound scanning, it is now possible to establish fetal movement profiles as a way of assessing their development. Such techniques have the potential for deriving diagnostic tools aimed at the early non-invasive detection of developmental dysfunction \[[@CR15]--[@CR19]\].

Although the effects of nutritional stress and mental stress have been reported in separate studies, their relative effects have not been tested. One way in which we can assess nutritional status is to use hair isotope analysis, yielding longitudinal information, from preconception through to the time of sampling at 36-weeks' gestation. Mental health measures, including stress, anxiety and depression can be assessed by standardized questionnaires. By combining both types of tests with the longitudinal data from 4D scans at 32- and 36-weeks' gestation, this study investigates for the first time both the effects of maternal nutritional status and maternal stress, anxiety and depression on the development of the fetus.

In this feasibility study, we examined fetal movement profiles of two groups of mothers, six mothers who had suffered HG and six healthy mothers, using 4D ultrasound scans recorded at 32- and 36-weeks' gestation. We tested for the presence of, and recovery from, under-nutrition catabolism in early pregnancy using maternal hair that grew from before conception to 36-weeks' gestation by comparing maternal carbon isotope ratios (expressed as δ^13^C) and nitrogen isotope ratios (δ^15^N) in their hair reflecting dietary inputs.

We hypothesized first that HG is significantly associated with catabolism as evidenced by hair samples and second that HG in the first trimester of pregnancy affects the fetal movement profile independent of maternal stress, depression and anxiety.

Stable isotopes in hair {#Sec4}
-----------------------

The ratios of the stable isotopes of carbon (^13^C/^12^C) and nitrogen (^15^N/^14^N) vary in humans due to external variations in food sources and internal metabolic processes. By convention, the ratios are expressed as fractional deviations from the ratios of standard materials, with the notation δ^13^C and δ^15^N, and given as parts per thousand (per mille, ‰) \[[@CR20]\]. The major sources of external variations for δ^13^C are differences in photosynthesis, with three classes of food relevant for humans. The majority of plants, and the animals that consume them, use the C~3~ photosynthetic process and produce foods with a mean δ^13^C of − 25‰. Some tropical grasses, including maize and sugarcane, use the C~4~ photosynthetic process and produce foods with a mean δ^13^C of − 13‰. In marine ecosystems, the dissolution of carbon dioxide into seawater decreases the δ^13^C to a mean of − 17‰. Variations in δ^15^N are mainly driven by changes at each step in the food chain, with δ^15^N values increasing by 3--5‰ for each step in the food chain, starting with atmospheric nitrogen at 0‰, and increasing through plants, herbivores, omnivores, carnivores and super-carnivores. Food chains in marine and freshwater ecosystems tend to be longer than in terrestrial ecosystems so that fish can have higher δ^15^N than terrestrial animals.

At homeostasis with a consistent diet, protein in a consumer body has δ^15^N and δ^13^C higher than diet by 3--5‰ and 0--1‰, respectively, while body fat has a lower δ^13^C than body proteins by about 5‰ \[[@CR21]\]. During growth, (including weight gain in pregnancy) positive nutrient balance is predicted to slightly lower both δ^13^C and δ^15^N in newly formed tissues, as intake of foods with lower ratios than the body exceeds output of waste. During weight loss, catabolism of the body's own tissues occurs, drawing on protein for nitrogen and partly on fats for carbon. New tissues formed during weight loss are thus expected to have raised δ^15^N and lowered δ^13^C compared to those formed under homeostasis. The changes in δ^13^C and δ^15^N during catabolism and recovery, when plotted against time, typically show opposing covariance \[[@CR22], [@CR23]\], with diverging and then converging values, a feature informally termed 'bubble'.

These predictions have been borne out in small-scale studies of hair isotopes in humans. A study of ten pregnant women showed δ^15^N correlated with weight gain but detected no change in δ^13^C \[[@CR8]\]. However, δ^15^N was shown to increase during HG in a study of eight pregnant women \[[@CR8]\], also with no detectable change in δ^13^C (their Table [2](#Tab2){ref-type="table"} shows mean change + 0.1 ± 0.1 ‰). Two studies of recovering anorexics, with six \[[@CR22]\] and seven \[[@CR23]\] participants, showed declining δ^15^N and increasing δ^13^C as body mass increased. After the initial changes, some of these individuals showed other patterns due to significant changes in diet, such as vegetarian to omnivorous. Another study of 13 deceased individuals who suffered a period of severe starvation shortly prior to death showed decreasing δ^13^C and increasing δ^15^N \[[@CR24]\]. Assuming no isotopic change in the diet, the expected isotopic changes in hair during a pregnancy with normal weight gain are therefore declines in both δ^15^N and δ^13^C, but, in contrast, during HG hair is expected to show increasing δ^15^N and declining δ^13^C. With recovery from HG, δ^15^N should decrease and δ^13^C increase in hair, followed by both decreasing when the pregnancy returns to normal. The changes in δ^13^C, however, may be small or close to zero, and may also be hard to detect in the presence of other factors such as measurement uncertainty and variations in diet.

Methods {#Sec5}
=======

Participants {#Sec6}
------------

Twelve women, whose fetuses were determined healthy at their 20-week anomaly scan, and who had a healthy pre-pregnancy BMI, were recruited through opportunity sampling. Two groups of pregnant women were recruited: six women having a healthy pregnancy with normal weight gain and six women who were diagnosed with HG by a medical practitioner and had lost at least 10% of their body weight in the first trimester of pregnancy (see Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}). However, because the recruitment protocol required a healthy 20-week anomaly scan, we did not record weight loss data in the first trimester. All participants were white British from the North East of England. All women underwent 4D ultrasound scanning at the Windows to the Womb Clinic, Gateshead, UK by experienced sonographers, lasting around 15--20 min at 32- and 36-weeks\' gestation. Fetal fine-grained mouth movements were coded frame-by-frame using the Fetal Observable Movement System (FOMS) \[[@CR15], [@CR16]\]. The scanning took place with mothers lying in a darkened room on their back or on their side, depending on the position of the fetus in the womb and on the mother's comfort. The fetal face and upper torso were visualized by means of 4D full frontal and facial profile ultrasound recordings, as well as traditional 2D images. The scans were recorded for off-line analysis with a GE Voluson E8 or E10 Expert Ultrasound System using a RAB6-RS transducer. Mothers received a DVD copy of their scans. Mothers completed the Perceived Stress Scale (PSS) questionnaire, assessing stress levels at each scan \[[@CR25], [@CR26]\]. The PSS is a widely used valid and reliable ten-item five-point Likert-based scale measuring the degree to which mothers perceive their life as stressful (ranging from 0 = 'no stress' experienced during the last month to 4 = 'very often' stressed). Additionally, mothers completed the Hospital Anxiety and Depression Scale (HADS; with two sub-scales HADS-A refers to anxiety and HADS-D refers to depression) \[[@CR27]\]. The scale has 14 items \[seven items for anxiety and seven for depression and ranges from 0 (minimum) to 21 (maximum)\]. Mothers also completed the Pregnancy-Unique Quantification of Emesis/Nausea (PUQE) index resulting in mild (score ≤ 6), moderate (score = 7--12), and severe (score ≥ 13) \[[@CR28]\] and an attachment scale \[[@CR29]\].Table 1Participant variables (*N* indicates the number of participants for whom we could obtain this information)Healthy groupHG groupMaternal age*N*(6)*M* = 24.17SD-5.04*N*(6)*M* = 26.67SD = 4.18Level of education3 to GCSE level2 to College/A-level1 to Bachelor's degree level1 to GCSE level3 to College/A-level1 to Bachelor's degree level1 to Master's degree levelFetal head circumference at 20 weeks*N*(5)*M* = 16.72SD = 9.58*N*(6)*M* = 17.43SD = 4.64Birth weight*N*(6)*M* = 3483SD = 750.26*N*(6)*M* = 3451.50SD = 282.03Apgar score 1 min*N*(5)*M* = 8.80SD = .45*N*(4)*M* = 8.25SD = 1.5Apgar score 5 min(*N* = 5)*M* = 9SD = .0*N*(4)*M* = 9SD = .82Fetus sexTwo boys, four girlsThree boys, three girlsTable 2Observed variablesVariableHealthy sample 32 weeksHealthy sample 36 weeksHG sample 32 weeksHG sample 36 weeksHADS anxiety*N* = 6*M* = 3.67SD = 1.86*N* = 6*M* = 3SD = 3.11*N* = 6*M* = 11.17SD = 5.74*N* = 6*M* = 10.67SD = 6.38HADS depression*N* = 6*M* = 2.67SD = 1.86*N* = 6*M* = 3.17SD = 2.64*N* = 6*M* = 11.17SD = 2.23*N* = 6*M* = 11.17SD = 3.49Total maternal attachment*N* = 6*M* = 83.67SD = 8.55*N* = 6*M* = 85.83SD = 3.92*N* = 6*M* = 82.83SD = 6.37*N* = 6*M* = 83.00SD = 8.74PUQE*N* = 6*M* = 3.17SD = .41*N* = 6*M* = 3.67SD = 1.21*N* = 6*M* = 8.17SD = 3.37*N* = 6*M* = 6.83SD = 4.31PSS*N* = 6*M* = 9.33SD = 5.61*N* = 6*M* = 9.67SD = 5.13*N* = 6*M* = 23.00SD = 4.78*N* = 6*M* = 20SD = 7.87Mean fetal exact age at scan*N* = 6*M* = 227 (days)SD = 2.630*N* = 6*M* = 255 (days)SD = 2.141*N* = 6*M* = 228 (days)SD = 4.85*N* = 6*M* = 256 (days)SD = 2.63

Hair sample analysis {#Sec7}
--------------------

Nutritional status was tested with hair, at least 10 cm in length collected at 36-weeks\' gestation in both the HG and heathy groups of women. Human hair grows at an average of 1 cm per month \[[@CR30], [@CR31]\] therefore collection of 10 cm long hair at 36 weeks allows month by month analysis of carbon and nitrogen isotopes from preconception through to 36-weeks\' gestation. A group of ten or more hairs were bound with adhesive tape to keep them aligned before cutting as close to the scalp as possible. Hair samples were coded with anonymous codes. Each bundle of hair was cut into 1 cm segments, corresponding approximately to growth from 2 months prior to conception up to 8 months of gestation. The 1 cm segments were placed in individual micro tubes, and prepared using a modification of previous protocols \[[@CR22]\]. To remove fats from the hair, samples were washed three times by ultrasonication in 1 ml of 2:1 methanol: chloroform. The solvent was removed by ultrasonication in 1 ml of deionised water and the samples dried at 55 °C.

Samples were analysed by IsoAnalytical Ltd (Crewe, Cheshire). After weighing into tin capsules, samples were combusted on a Europa Scientific elemental analyser, and isotope ratios measured on a Europa Scientific 20--20 Isotope Ratio Mass Spectrometer. The reference material was IA-R068 (soy protein, δ^13^C~VPDB~ = − 25.22 ‰, δ^15^N~AIR~ = 0.99 ‰), and quality control check samples were IA-R068, IA-R038 (L-alanine, δ^13^C~VPDB~ = − 24.99 ‰, δ^15^N~AIR~ = − 0.65 ‰), IA-R069 (tuna protein, δ^13^C~VPDB~ = − 18.88 ‰, δ^15^N~AIR~ = 11.60 ‰) and a mixture of IAEA-C7 (oxalic acid, δ^13^C~VPDB~ = − 14.48 ‰) and IA-R046 (ammonium sulfate, δ^15^N~AIR~ = 22.04 ‰), which are calibrated against the international standards IAEA-CH-6 and IAEA-N-1. Every fifth sample was measured in duplicate. The technical error of measurement from the duplicate samples was 0.06 ‰ for δ^13^C and 0.05 ‰ for δ^15^N.

Using conventional methods, catabolic and non-catabolic isotope profiles were classified by eye. The anonymized data series for each woman was classified by one of the authors (Millard), without knowledge of their HG status, as showing evidence for catabolism, where there was a clear opposing covariance in the data, possible evidence for catabolism, where there was less clear evidence for opposing covariance, or no evidence for catabolism, where there was no opposing covariance.

Statistical analysis {#Sec8}
--------------------

The data consist of repeated measures, with each fetus scanned for 15--20 min at 32- and 36-weeks\' gestation and fetal fine-grained movements coded frame by frame. The total number of movements serves as dependent variable, which is related through a log-linear model to explanatory variables including stress, depression and anxiety scores as well as effects of gestational week and HG. Further predictors including maternal age, fetal age and education level were initially considered (see supplementary information S3) but removed from the analyses, which follow, as they did not carry significant effects. Since the observed codable scan length varied between fetuses, the model further includes an offset of log codable scan length, thus, effectively modelling total movement rate. Finally, there is a random effect term assessing between fetus variability. The model can hence be formulated as (*H*):$$\documentclass[12pt]{minimal}
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The three predictor variables in the final row of (*H*) are continuous variables, while HG is a two-level-factor variable indicating the health status, that is the absence (= 0) or presence (= 1) of HG. The variable GestationalAge could be described by either a continuous variable or a two-level factor for weeks 32 or 36. For ease of interpretation, we work with the latter in this paper, with week 32 as reference category. The conclusions do not change if the continuous version is used. We will also, later, consider a similar model (*C*) in which HG is replaced by the two-level factor catabolism (with one level for "yes and possible" and one level for "no catabolism").

We have opted here for a Negative Binomial response model rather than Poisson as in comparable studies \[[@CR16], [@CR32], [@CR33]\], since over dispersion for these data was relatively strong. The $\documentclass[12pt]{minimal}
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                \begin{document}$$\theta \to \infty$$\end{document}$ would correspond to "no over dispersion". The corresponding likelihood ratio (LR) tests favour the Negative Binomial model with *p* values \< 0.0001 in each case. Hence, using the Poisson response for these data would lead to incorrect standard errors with overstated significances. We fitted the model using the glmmTMB function in the glmmTMB library in R \[[@CR34]\]. The significance of model parameters was assessed by Wald test *p* values on the parameter coefficients, with *p* values less than 0.05 considered significant.

Results {#Sec9}
=======

All 24 movement scans were successful typically yielding 8--12 min of codable scan allowing rates to be determined. Variations in length of coding were statistically controlled. Reliability testing was conducted on 16% of the sample for which the mean Cohen\'s Kappa was 0.93 with a range of 0.83--0.98.

Isotope profiles were obtained for all women (supplementary information S2). One subsample (3935--07) was rejected as showing a *C*:*N* ratio too high for hair. Figure [1](#Fig1){ref-type="fig"} shows examples of catabolic and non-catabolic profiles, and a full set of profiles is in supplementary information S1, together with their HG status and catabolism classification.Fig. 1Examples of isotope profiles from hair. **a** Profile indicating catabolism with rising and falling δ^15^N without parallel changes in δ^13^C. **b** Profile with no evidence for catabolism with broadly uniform or falling δ^15^N and δ^13^C

Independent variable analysis {#Sec10}
-----------------------------

Before modelling the fetal movement profiles, we conducted an explanatory analysis on the maternal factors: HG status, presence of catabolism, stress, depression and anxiety. There were strong interactions between these independent variables which were taken account of in the analysis. Despite these correlations, the variables may still have differential effects on the total number of movements.

### HG and catabolism {#Sec11}

The contingency table of catabolism and health status (Table [3](#Tab3){ref-type="table"}) indicates an association between HG status and the presence of catabolism, which is confirmed by an unconditional exact test for 2 × 2 contingency tables, with *p* = 0.020 \[[@CR35]\]. There was an entire absence of catabolism for healthy mothers, which further strengthens the link between HG and catabolism.Table 3Contingency table of health status and catabolism frequenciesCatabolismHealth statusHealthyHyperemesisNo62Yes/possible04Reported frequencies refer to individual fetuses; there are hence 2 × 12 = 24 total scans coded frame by frame and measurements reported

### Nutritional stress and mental health {#Sec12}

Scores for stress, anxiety, and depression, are significantly related to health status (t-tests, each *p* \< 0.001) and two scores to catabolism (PSS: *p* = 0.032, HADS_D: *p* = 0.0015), but not to gestational week (each *p* \> 0.7). The three scores are highly correlated with each other, with all correlation coefficients between 0.82 and 0.90.

Fetal movement analysis {#Sec13}
-----------------------

Table [4](#Tab4){ref-type="table"} shows estimates (non-italic rows), standard errors and p values of the fitted model (*H*). All included parameters except PSS (stress) and HADS_A (anxiety) are significant at the 5% level. From the formulation of the model, it follows that the coefficients have an exponential and multiplicative impact on the movement per scan length rate. Several aspects of the model deserve further discussion.Table 4Coefficient estimates of model (*H*)CoefficientEstimateSE*z* value*p* valueIntercept− 3.8996− *3.7136*0.3160*0.2840*− 12.340− *13.077* \< 2e−16 \< *2e*−*16*HG1.4507*1.0626*0.5470*0.3896*2.652*2.727*0.0080*0.0064*GestationalAge0.7174*0.6364*0.3413*0.3214*2.102*1.980*0.036*0.047*HG:GestationalAge− 1.1946− *1.3910*0.4807*0.4440*− 2.485− *3.133*0.013*0.0017*PSS0.06450.03841.6790.093HADS_A0.04630.04321.0720.284HADS_D− 0.19990.0760− 2.6310.0085Italic rows refer to the model fitted without stress, depression and anxiety

### HG effects {#Sec14}

We see that at week 32, after adjusting for stress, anxiety, and depression, the movement rate is larger by a factor of exp(1.4507) = 4.27 for the HG group compared with the healthy group. From Table [4](#Tab4){ref-type="table"}, we know that this a significant effect (*p* = 0.008, Cohen's *d* = 1.34), which is also clearly visible by the large gap in the left-hand side in Fig. [2](#Fig2){ref-type="fig"}a. In contrast, at week 36, the difference between healthy and HG groups is not significant (*p* = 0.577, Cohen's *d* = − 0.14). Also, for fetuses from the healthy group, from exp(0.717) = 2.05 one infers a two-fold increase in movement rate from week 32 to week 36 (this is the dashed line in Fig. [2](#Fig2){ref-type="fig"}a). However, if fetuses are from the HG group, the change from week 32 to week 36 is of magnitude exp(0.717) × exp(− 1.195) = 0.620, that is a reduction by 38%, and this difference (between two-fold increase and a 38% decrease) in the effect of gestational week for the two groups corresponds to the significant (*p* = 0.013) interaction term in Table [4](#Tab4){ref-type="table"}.Fig. 2Interaction plots. **a** Interaction plot for health status and gestational age; **b** interaction plot for catabolism and gestational age. Line endpoints correspond to means of the \`total number of movements divided by scan length\', for the respective factor level combinations. The scan length is measured in seconds \[s\], so the vertical axis has the unit 1/s

### Catabolism effects {#Sec15}

If we replace the factor for HG in the analysis by catabolism, we would expect from previous considerations a similar picture. However, given the small sample size, the catabolism effect seems less pronounced than the reported HG diagnosis with the loss of 10% of body weight in the first trimester (see Fig. [2](#Fig2){ref-type="fig"}b and supplementary information S4). The variables concerning catabolism and gestational group do not achieve significance either individually or jointly (p value of LR test 0.426 at 3 degrees of freedom \[*df*\]). This changes only to a limited extent when not including the score variables (the *p* value of a LR test for joint inclusion of catabolism, gestational age, and their interaction, is now at 0.185 at 3 *df*; with the *p* value for catabolism by itself at *p* = 0.025). We conclude that, albeit strongly associated with HG, catabolism as identified by hair samples seems to be underpowered and in this pilot study is overall a less useful predictor for fetal movements.

### Maternal mental health {#Sec16}

From the model output and the previously described collinearity of the score variables (HADS_A for anxiety, HADS_D for depression, and PSS for stress), we see that, not all these variables appear relevant to the model. Removing PSS and HADS_A from the model renders however HADS_D non-significant (not shown), and a likelihood ratio test for the joint inclusion of the three score variables against their exclusion gives moderate evidence towards their inclusion (*p* = 0.098 at 3 *df*). However, importantly, the main reason for inclusion of the score variables is to evaluate nutritional impact on fetal movements over and above the effects of anxiety, depression and stress. The effect size of the score variables for the model fitted in Table [4](#Tab4){ref-type="table"} is *η*^2^ = 0.472.

Distinct movement analysis {#Sec17}
--------------------------

So far, we have discussed the total number of movements as the only response variable. However, we have specific measurements available on ten distinct movements, which are lips part, lip pucker, lip pull, upper lip raiser, lower lip depressor, lip corner depressor, lip pressor, mouth stretch, lip stretch, and lip suck. Based on the current small sample sizes, we would consider it as unscientific to report specific p values for each these (with multiple testings' problems unavoidably arising), therefore we just present the results of this analysis in graphical form (Fig. [3](#Fig3){ref-type="fig"}) through a heatmap and dendrograms. Each row of the rows in the heatmap corresponds to a fitted model, with the respective movement type as response, and the variables PSS, HADS-A, HADS-D, HG, gestational age, as well the interaction term between the latter, as predictor terms. The colour in the heatmap represents the absolute *z* value of the estimated coefficients, where red means more evidence of relevance of each predictor variable for the respective movement type, and white less evidence. The graph also includes, in the first row of the heatmap, the total number of movements for reference.Fig. 3Heatmap with dendrogram for individual movements. The colour strength from red to white corresponds to the strength of effects with deep red the strongest effect, and white smallest effect. The strength of the effect can also be assessed through the light-blue step-shaped curves, with the vertical dashed lines indicating a *z* value of 2 on a standardized Gaussian scale. On the horizontal axis, Gest corresponds to gestational age, and HG × Gest to the interaction effect of gestational age and health status. On the vertical axis, the following abbreviations are used: *LowLipDep* lower lip depressor, *MouStretch* mouth stretch, *LipCorDep* lip corner depressor, *UpLipRais* upper lip raiser, *TotNMov* total number of movements

Notably, the strongest HG effects are evident with the total number of movements, lip parting and lip puckering. Further promising directions for future research emerge from the graph; for instance, fetal lip pulling appears to be strongly related to maternal stress, anxiety, and depression. Lip pressing appears unexplained by any variable. The frequency of lip stretch, and lip suck is most strongly affected by the gestational week. It is useful to consider these results in conjunction with the movement-specific interaction plots for the effects of HG and gestational week (supplementary information S5). These plots show that, throughout all movement types, the most dominant feature is again the decrease in the number of movements from week 32 to week 36 for the HG group, corresponding to the generally darker shades in the last column of Fig. [3](#Fig3){ref-type="fig"}. This decrease is visible in S5 for seven out of ten movements in absolute terms, and for all ten movements relative to the healthy group.

Discussion and conclusion {#Sec18}
=========================

HG affects fetal movement {#Sec19}
-------------------------

In this study, we examined the effects of HG on the nutritional profile of the mother by testing maternal hair for carbon isotope ratios (δ^13^C) and nitrogen isotope ratios (δ^15^N) in hair reflecting maternal diet. At 32-weeks\' gestation, fetuses with mothers having HG showed significantly higher rate of fetal movements compared with fetuses of healthy mothers. On the one hand, significantly decreased fetal movements signpost an increased risk of fetal growth restriction, stillbirth, preterm birth and the need of emergency caesarean section \[[@CR36]\]. Donker et al. \[[@CR37]\] suggested that a significant reduction in the range of different types of specific movement patterns, such as frequency of jaw opening or neck turn, are an indication that fine-grained movement profiles might be helpful in identifying distress. On the other hand, recent research by Heazell et al. \[[@CR38]\] argues that maternal heightened anxiety, fetal seizures or unexplained fetal insult might lead to abnormally increased fetal movement profiles and stillbirth occurring after 37-weeks' gestation. In the current study, movement profiles of fetuses of mothers with HG showed an increased movement profile at 32-weeks' gestation and this was followed by the rapid decline of fine-grained mouth movements over the next 4 weeks to slightly (albeit nonsignificantly) below that of healthy fetuses. This movement profile at 36 weeks can be interpreted as either leading to normalized movement profiles or potentially to abnormally low frequencies of movements, which are themselves an indicator of an unhealthy development \[[@CR36]\]. These interpretations might be distinguished using a scan later in pregnancy.

In sum, fine-grained movement analysis might be a helpful tool in identifying distress as well as normal development. Reissland et al. \[[@CR15]\] and Castiello and Parma \[[@CR39]\] argue that fetal movement profiles are potential tools to investigate prenatal cognition and the pre- to post-natal continuity of cognitive development including "anticipation" in the fetus. Hence, not only gross body movements, but also more fine-grained movement analyses might be usefully employed to assess healthy fetal development. In previous research, fetal movements tested included general body movements, startle and twitch movements, isolated limb movements, breathing movements, hiccups, isolated head and neck movements, sucking and swallowing, jaw movements (including yawning), hand--face contact, stretch and rotation \[[@CR40], [@CR41]\], as well as fine-grained fetal facial movements \[[@CR42]\]. The analysis of gross body movements is a less conclusive measure of fetal distress compared to the fine-grained analysis utilised in this study. The heatmap (Fig. [3](#Fig3){ref-type="fig"}) indicates that there might be potential to use fine-grained movement analysis to highlight specific movements, such as lip parting and lip puckering, which may be predictive of fetal state. Furthermore, other specific movements (e.g., lip pull) might be influenced by maternal mental health which has previously been shown indicative of neurobehavioral development, such as increased eye-blink rate in fetuses of anxious mothers \[[@CR5]\]. These specific movements could potentially be used as prenatal markers for adverse neurodevelopment.

Hyperemesis is detectable in hair isotopes {#Sec20}
------------------------------------------

Results indicated that the majority of mothers suffering from hyperemesis had either suspected or confirmed catabolic profiles in their first trimester hair samples. Our results confirm one other study showing that HG is evidenced in the stable isotopes of hair \[[@CR8]\] by an increase in δ^15^N. HG mothers in the current study had experienced significant weight loss, which added to the power of our study, compared to the 'restricted weight gain and/or weight loss' previously studied \[[@CR8]\], but our study lacks information from monitoring of diet and weight throughout pregnancy which could improve our understanding of isotopic changes. The current results suggest that with more extreme weight loss decreases in δ^13^C are also detectable. We also made no allowance for the fact that only 85--90% of scalp hairs are actively growing at any time and there is therefore smoothing of the isotopic signal when multiple hairs are sampled \[[@CR43]\], but this could only be assessed using plucked rather than cut hairs. Catabolic and non-catabolic isotope profiles are currently identified by eye and classified in a binary fashion. However, the measurements are continuous data and, in the future, it would be useful to develop a quantified scale computed from the data to express graduations in dietary stress that mothers have experienced. This would allow more subtle effects on fetal development to be investigated, and the retrospective nature of their identification would reduce the confounding effect of unrecorded HG or morning sickness in studies of fetal development.

HG and postnatal development {#Sec21}
----------------------------

This interpretation of our prenatal data is strengthened by work on long-term effects of maternal HG on their offspring. Parker et al. \[[@CR44]\] report long-term effects of children from 5--12 years in terms of poorer scores on several neurodevelopmental measures as well as psychosocial problems including internalizing and externalizing behaviours of children exposed to HG prenatally. The effects of HG seem to be long term beyond childhood. Mullin et al. \[[@CR12]\] found when comparing emotional and behavioural outcomes of adults who had been exposed to HG during their fetal life compared with healthy pregnancies, those who were exposed to HG prenatally were significantly more likely to be diagnosed with depression, and anxiety as well as bipolar disorders in adulthood. Additionally, HG seemed to be a significant factor indicating that this condition needs to be treated not only prenatally, but that follow-up of the children might be called for. In sum, although the effects of HG are not apparent in terms of birthweight, Apgar scores or gestational age at delivery \[[@CR45]\] there is evidence of postnatal effects, which warrant more investigation.

The current pilot study indicates that HG affects the normal development of fetuses, and that this is evident from as early as 32-weeks\' gestation. More research is needed on the prevailing effects of this altered developmental trajectory. Additionally, a larger fetal study with a postnatal follow-up is needed to use these differentiated movement profiles in HG fetuses as potential markers for later neurodevelopmental outcomes.
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